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ABSTRACT 

'Progress Report No. 1, under Constract NAS5-9303, sumrmarizes the  theory being 
+ applied to  the calculation of the r a t e  of dissociative recombination of N2 

and which w i l l  be applied in  ensuing periods t o  the ion 0 + 

pertaining t o  N i- a re  included. No new technology i s  reported but a study 2 
directed toward improvement of exis t ing methods of calculating electronic 

t r ans i t i ons  t o  continuum s t a t e s  of the nuclear motion i s  discussed. 

Pa r t i a l  r e su l t s  ' 2 .  
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I. INTRODUCTION 

The react ion of dissociat ive recombination i s  represented as 

where A' and B" represent possibly excited states of t h e  consti tuent atoms. 

The f a s t  r a t e s  f o r  t h i s  reaction, typically 10-8-10 cm /sec a t  room tem- 

perature,  make it dominate electron removal processes i n  a wide var ie ty  of 

conditions of ionized gases. 

where NO , N2+, and 02+ w i l l  be the predominant ions a t  moderate to  high 

pressures. 

theore t ica l  calculat ion o f  r a t e  of  dissociat ive recombination of NO t o  the 

molecular ions N: and O2 . Such calculations should be useful i n  studying 

the chemical k ine t ics  of the ionosphere and of a i r  perturbed by re-entry 

vehicles o r  explosions. 

-6 3 

It i s  of par t icu lar  importance i n  ionized a i r  + 
The objective of the present contract  is to  extend a previous + 

+ 

Work began under t h i s  contract  on 1 A p r i l  1966. This report  b r i e f ly  sum- 

marizes the work performed over the f i r s t  of three quarter ly  periods of t h i s  

contract,during which approximately 9 man-weeks of study w e r e  expended. 

The technical discussion i s  contained i n  Section I1 below, and covers a 
resume of the theory being applied to the N2+ react ion and some i n i t i a l  find- 

ings. Also included i s  a discussion of possible improvements i n  the Winans- 

Stueckelberg approximation, a widely used method fo r  calculat ing continuum 

vibra t iona l  wave functions fo r  d i a t o m i c  molecules. Sections 111, IV, and V 
deal, respectively,  with new technology (none ye t  reported), the program for  

the next period, and the conclusions a r i s ing  from the f i r s t  period study. 

- 1 -  
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11. DISCUSSION 

A. SzMMARy OF THEOKY OF DISSOCIATIVE REC(SMBINATI0N 

Due t o  the difference i n  time-scales between the nuclear and electronic 

motions, the reaction of dissociative recombination is  readily approximated 

by a two-stage reaction 

* 
(2) e + N2 + + N2 + N' + N" 

i.e., unimolecular capture of the incident electron in to  an excited unstable 

state of Ng. 
bound electron with a concurrent destruction of the  molecular band. The re- 

su l t ing  dissociation i s  i n  general fas t  compared t o  the r a t e  of 

t ion  of  the N2 state. 

The c r i t i c a l  reaction w i l l  occur by means of exci ta t ion of a 

auto-ioniza- * 
In t h i s  case we  have for  the cross section 

where g and g 

v the incident electron velocity, and T the l i fe t ime for  auto-ionization. 

The de l ta  function yields overall  energy conservation and i s  removed by in- 

a r e  the statist ical  weights of the i n i t i a l  and f ina l  s ta tes ,  f i 

a i  

tegrating over a continuum of incident electron energies. Thus 

where < V >e,, t h e  matrix element of the perturbing potent ia l  integrated 

over the electronic coordinates has been assumed to  be approximately 
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independent of the nuclear coordinates i n  the t rans i t ion  region. Equations 

(3) and (4) yield the r a t e  coefficientObR (T,) upon subst i tut ion in to  

OLDR DR = < v o  >, o r  

I n  order to  calculate  a! we must determine the vibrational wave function 

J'o(R), the energy 5 (which is  derivable from the f i n a l  s t a t e  potent ia l  

curve),and the wave functions for  the ac t ive  electrons (which enter  into 

< v >el>. 

The nuclear wave function Qo(R) can be accurately determined from the known + properties of N2 . Using the studies of F. Gilmore (RAND Corporation Report, 

RM-4034-PR, June 1964), we have fo r  the ground s t a t e  N: X2 C , + 
g 

pA = 7.0036 physical mass uni t s  

+ -8 re(N2 ) = 1.116 x 10 cm 

-1 w = 2207.2 cm e 

These parameters a re  suf f ic ien t  to  determine the wave function for  the v i -  

brational states of N2+, assuming t h i s  motion to  be simple harmonic, which 

i t  i s  to  a high degree of accuracy for the lower s ta tes .  

quantum numbers w i l l  not be changed i n  the interact ion due t o  the smallness 

of the coupling between the electronic perturbation and angular momentum of 

the ionized molecule. Thus the rotat ional  wave functions "cancel out" i n  

lowest order. The vibrational wave functions are 

The rotat ional  
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' I  where N = (2v v:)''~ (01h)1'4, H (2) is a H e r m i t e  polynomial, 01 = &pAwec?/h, 

x = r-r 

Determination of the parameters for the  unstable state N, 

V V 

e' A e and where i n  turn  re, p , and w are given by Equation (6). 

* 
is much more d i f -  - 

2 L  2 4 f i c u l t .  The electronic  s t ruc ture  of N + i s  KK (a 2s) (oU2s) (nu2p) cr 2p. 2 g g 
I n  order t o  destroy the molecular bond one of the  bonding o r b i t a l s  must be 

excited t o  an anti-bonding o r b i t a l  by the  incident electron, which i t s e l f ,  

must go in to  an anti-bonding orbi ta l .  This w i l l  leave a difference between * 
bonding and anti-bonding o r b i t a l s  in  the N2 state of 1 as compared to  2-1/2 

i n  the  N2+ ground state. 
2eV of binding energy. 

ne t ic  energy which w i l l  be picked up by the nucleus i n  the t ransi t ion.  

Thus the  intermediate state w i l l  have only about 

Dissociation w i l l  be prompt due t o  the excess of k i -  

The most probable f i n a l  state of the separated N atoms appears t o  be N(2W) 

+ N(2Do) on the basis of a favorable crossing of po ten t ia l  curves (Gilmore, 
rn 

loc. cit.).  Since the perturbation i s  eL/r12 where r i s  the  distance be- 
1 2  * - 

tween the ac t ive  electrons, the most probable state of N2 

(states of higher mul t ip l ic i ty  cannot be reached without spin f l i p  as the N 

state i s  a doublet). 

nor the  pa r i ty  w i l l  change so t h a t  the we are led to  the probable f i n a l  s t a t e  

of N2 as a Ag. For the t rans i t ion  of the ac t ive  electrons we have 

i s  a t r i p l e t  + 
2 

I n  lowest order perturbation theory nei ther  the  sign 

* 3 

where (Up) represents the  2p component of the incident Coulouf wave with 

momentun K. 

N u m e r i c a l  calculations involving a Morse poten t ia l  are underway for  the  cal- 

culation of the nuclear matrix elements according to  Equations (5), ( 6 ) ,  and 

(7) above. 

o r b i t a l s  with an e f fec t ive  change Z' t o  account f o r  screening. 

The electronic  wave functions are being approximated by S la t e r  
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111. NEW TECHNOLOGY CZAUSE 

B. CONCERNING THE WINANS-STUECKELEERG APPROXPIATION FOR CONTINUUM WAVe 

FUNCTIONS 

The above theory uses the well-known Winans-Stueckelberg approximation (Proc. 

National Academy of Sciences, U.S.A., Vol. 2, 867, 1928) for  the vibrational 

wave functions. 

idiieh holds that, to a f i r s t  approximation, nei ther  the posit ion nor velocity 

of the nuclear motion changes i n  an electronic transit ion.  

wave function i s  found by a ref lect ion of the ini t ia l  state function in  the 

potential  curve fo r  the continuum state.  That is ,  $,(E) + $,(R(E)) where 

R(E) i s  the  inverse function to E(R), the  difference between the i n i t i a l  

energy of bound state and the potential  energy of the f ina l  state. This 

semi-classical description should be reasonably accurate f o r  higher vibra- 

t iona l  states where the nuclear motion can be localized. 

however, i t  is  possible tha t  an improvement can be made to  account for  the 

f i n i t e  s i ze  of the nuclear wave packet i n  the f ina l  s ta te .  

s m a l l  numerical correction t o  our theory of dissociat ive recombination. 

I n i t i a l l y ,  WKB wave functions a r e  being investigated fo r  the f ina l  continuum 

state .  

This approximation is based on the  Franck-Condon principle 

Thus the continuum 

For lower levels,  

This should yield a 

It is not believed that there were any innovations o r  inventions during t h i s  

period which a re  reportable under t h i s  clause. 
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I V .  PROGRAM FOR THE NEXT PERIOD 

Completion of the numerical integrat ion of 

elements f o r  the N2+molecule i s  planned. 

the nuclear and electronic  matrix 

I n i t i a l  study-of the 02' dissocia- 
t i v e  recombination should commence near  the end of t h i s  period. 

V. CONCLUSIONS AND RECOMMENDATIONS 

P a r t i a l  technical r e su l t s  which have been obtained during t h i s  period are .  

given above i n  Section 11. It is recommended that work on t h i s  program con- 

t inue i n  order t o  increase our understanding of recombination processes, es- 

pec ia l ly  a t  elevated temperatures i n  atmospheric gases. 

obtained so f a r  no re-direction o f  the work e f f o r t  is  advised. 

Based on the  r e su l t s  
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